Abstract-We present direct measurements of the spatial coherence area of a pulsed broad-area vertical-cavity surface-emitting laser using a reversing wavefront interferometer. With this technique, we can assess the size and uniformity of the coherence area across the laser aperture, being of importance for projection applications. We show that the output beam can be considered quasi-homogeneous and that the measured coherence area corresponds well with the coherence area deduced from the far-field emission profile. We demonstrate that the coherence area is limited in size by the radial temperature gradient in the device and discuss the origin of coherence variations.
number of such broad-area VCSELs (BA-VCSEL), multiple competing transverse modes will be emitted [3] , [4] .
Besides emission in multiple transverse modes, we have shown [5] that one can obtain a drastically different emission regime with BA-VCSELs by driving these devices with s-pulses. Using the proper pulse amplitude, the BA-VCSEL will no longer emit globally defined transverse modes but instead it will emit a nonmodal, spatially incoherent beam. This incoherent emission can be understood as emission in multiple, independent, spatially separated coherence islands. In [6] , we have shown that there is a dynamic transition during the first few hundreds of nanoseconds of the pulse from modal to incoherent emission. This transition takes place on the thermal time-scale of the VCSEL. During this transition, the far-field intensity profile evolves from a modal, structured pattern into a Gaussian shaped profile. At the same time, modal structures disappear in the optical spectrum. The observed loss of spatial coherence is not accompanied by any noticable reduction of the output power.
This high-power, spatially incoherent emission regime is quite uncommon for semiconductor lasers but can be useful in, e.g., illumination and projection applications as the low degree of spatial coherence may help to reduce speckle [7] . Therefore, this emission regime deserves further study. In this paper, we present measurements of the spatial coherence area for different positions in the VCSEL aperture using a reversing wavefront interferometer. We show that the coherence area is much smaller than the VCSEL aperture and that the intensity is uniform over the scale of the coherence area. This further substantiates the conjecture put forward in [5] that a BA-VCSEL can be operated as a quasi-homogeneous source. We also show that the spatially and intensity weighted average of the measured coherence radius corresponds well with the coherence radius deduced from the far-field divergence angle. Finally, we will discuss in how far the measured coherence radius is limited by the quasi-mode size of a planar cavity.
II. DEVICE CHARACTERISTICS
In our measurements, we use an oxide confined BA-VCSEL with an aperture radius of 25 m, similar to the device used in [5] . The BA-VCSEL emits at a wavelength of 840 nm, with a maximum CW output power of 70 mW at an injected current of 80 mA. The VCSEL's threshold current is approximately 14 mA. In our experiments, we drive the VCSEL with a pulsed current of 240-mA amplitude, 1-s pulse length, and a duty cycle of 0.5%. These pulse conditions induce the nonmodal, incoherent emission regime [5] .
III. SETUP
We use a wavefront reversing Michelson interferometer [8] , [9] to measure the spatial coherence properties of the VCSEL. The scheme of this interferometer is shown in Fig. 1 . The VCSEL's near-field (NF) is imaged onto the CCD-camera with a magnification of 120. A linear polarizer is inserted into the beam path in order to select one polarization direction. The beam traveling towards the CCD camera is split into two parts with a 50/50 nonpolarizing beam splitter. In each arm of the interferometer, a right-angle prism is used to reflect the beam. In one arm, the beam is flipped horizontally while being reflected by the prism, whereas in the other arm the beam is flipped vertically. Therefore, the two beams interfering at the CCD are effectively spatially rotated 180 with respect to each other. In our setup, we thus measure the correlation between radially symmetric points. To avoid image distortion that occurs when the beam hits the apex of the right-angle prisms, the beams are directed off axis with respect to the prism-apex. As a consequence, the two prisms have to be slightly tilted in order to overlap the beams at the CCD-camera. This tilt is also used to control and vary a relative vertical offset between the two interfering beams. This way, we choose the center of the spatial interferogram. In order to obtain an equal path length in both arms, we laterally move the prism in one of the arms until we attain a maximum fringe visibility at the correlation measurement's center. One of the prisms is mounted on a piezoelectric-actuator through which the path-length difference between the two arms can be changed with subwavelength resolution.
Employing this setup, the complex degree of coherence can be deduced by recording four images. First, we record the interference pattern when both arms of the interferometer have equal lengths. Next, we measure the interference pattern when one of the arms is shifted by a quarter wavelength. We subsequently record the intensity distribution when one arm is blocked and when the other arm is blocked. Finally, the magnitude of the complex degree of coherence can be calculated via [9] (1) An example of the four required images , , , and is presented in Fig. 2 for a 2.4-mm vertical shift between the two beams. This corresponds to a shift of 20 m expressed in the VCSEL's NF coordinates. The central point of the correlation measurements (i.e., the center of the spatial interferogram) is therefore not the middle of the VCSEL aperture, but it is shifted 10 m upward from the center of the VCSEL. This shift can be used to probe the complex degree of coherence at various points within the VCSEL aperture. In the inset of Fig. 2 for , one can see that the correlation measurement's center (indicated by the white crosshair) coincides with a maximum of the interference fringes. For , the intensity at the correlation measurement's center is halfway between a minimum and maximum of the interference fringes, indicating that the shift between the measured images for and indeed corresponds to a quarter wavelength.
The and images clearly show that the intensity is not uniform across the VCSEL aperture. The intensity is higher at the edge of the VCSEL aperture due to current crowding. Interference fringes are only visible in the image of Fig. 2 close to the central point. This means the correlations have a rather limited spatial extent. This limited spatial coherence length becomes more readily visible if we use (1) to calculate the magnitude of the complex degree of coherence. We perform this detailed analysis in Section IV. 
IV. DEGREE OF COHERENCE
In Fig. 3 , we plot an intensity map of obtained by applying (1) on the images shown in Fig. 2 . Equation (1) is only valid for those positions in the image plane where the beams originating from both interferometer arms overlap. Therefore, the values at the outer edges of Fig. 3 are determined by noise and can be disregarded. Where the two beams do overlap in Fig. 2 , we see in Fig. 3 that is only large close to the correlation measurement's center. This is in stark contrast to what we obtain in case of modal emission: each of the transverse modes is fully coherent over itself, which results in interference fringes and a non-zero value for all over the VCSEL aperture. This is illustrated in Fig. 4 , where we plot the magnitude of the complex degree of coherence when the VCSEL is operated at a CW current of 40 mA. At this CW current, the VCSEL emits a multitude of transverse modes which partly overlap with each other. As a result, we see in Fig. 4 that is nonzero at most positions across the area of the VCSEL's emission, exhibiting a complex pattern of mutually coherent spots. Fig. 3 also clearly illustrates that is circularly symmetric. We characterize the extent of using the coherence radius at which has decreased by compared to its value at the correlation measurement's center. To estimate the value of and at the same time investigate the shape of , we plot in should be 1 at the center (i.e., at position m in Fig. 5 ). The fact that we obtain a maximum value of 0.9 for is due to experimental restrictions, most notably the finite resolution of the imaging system and the mechanical stability of the setup. In Fig. 5 , we also compare the measured complex degree of coherence with a fit to a Gaussian function, which allows us to determine the coherence radius , yielding a value of 1.91 m. The coherence radius is thus clearly much smaller than the VCSEL's aperture radius of 25 m. We repeated the above described measurement of for different positions of the correlation measurement's center within the VCSEL aperture. The values of the coherence radius that we extracted from these measurements are plotted in Fig. 6 versus the radial position within the VCSEL aperture. This figure shows that the coherence radius is not constant across the entire VCSEL aperture, but that it decreases towards the rim of the device. The intensity and area weighted average of the coherence area is given by (2) where is the radial coordinate in the VCSEL aperture and is the radial intensity distribution. The measurements shown in Fig. 6 yield an average coherence radius of 1.4 m. The coherence radius remains in between 1 and 2 m for all positions. If we compare this to the NF intensity distribution (see, e.g., in Fig. 2) , we can see that the intensity does not change drastically over distances of the dimension of the coherence radius. Therefore, we can indeed consider the source to be quasi-homogeneous [10] with a Gaussian-shaped coherence function, i.e.,
where is the NF radial coordinate.
With this knowledge, we can now make the link between the complex degree of coherence discussed above and the measurements of the far-field profile discussed in [5] . For a similar device and driving conditions as described in this paper, we reported in [5] that the BA-VCSEL no longer shows a structured modal far-field. Instead a Gaussian-shaped far-field intensity distribution is observed with a half opening angle (at ) of 11 . For a light source with arbitrary spatial coherence, the intensity distribution in the far-field direction can be determined from the source's complex degree of coherence via [10] [11] [12] (4) where the integration is performed over the near-field coordinate and over the aperture area .
denotes the autocovariance of the source's aperture amplitude function. The spatial frequency is related to the projection of the direction on the observation plane, where . The angle of with respect to the beam center is given by .
For a quasi-homogeneous source with a Gaussian coherence function-which is a good approximation for our device-the far-field intensity distribution resulting from (4) is given by [10] (5) where the approximate form is valid for paraxial angles. The far-field divergence angle is thus related to the coherence radius via (6) If we use (6) together with the measured half-width divergence angle (at ) of 11 , we find a coherence radius of 1.4 m. This is in excellent agreement with the average coherence radius of 1.4 m that we obtained from the reversing wavefront experiments.
V. QUASI-MODE SIZE
In the previous sections, we have shown that our pulsed BA-VCSEL is indeed a partially coherent quasi-homogeneous source with a Gaussian-shaped coherence function. After investigating the dynamic transition in the near-and far-field, we were able to conclude in [6] that the loss of modal emission is due to the fast thermal chirp of the VCSEL's cavity during the pulse, which-in combination with a spatially distributed thermal lens-prevents the build-up of cavity modes. However, this does not explain why we obtain a coherence radius of approximately 1.4 m or, equivalently, a far-field divergence angle of 11 .
To understand by which mechanisms the coherence area is being limited, let us consider the approach taken by [13] [14] [15] . This approach defines the mode size in a planar cavity, taking into account diffraction in the cold cavity. Starting from a planar cavity implies neglecting the boundary conditions imposed by the oxide aperture at the outer rim of the device. This seems to be a good approximation since the coherence radius is much smaller than the device's aperture radius . The assumption of a cold cavity neglects the influence of spatial carrier distribution. In a further stage, we will only consider the presence of a spatially distributed thermal lens caused by the inhomogeneous current injection and heating of the VCSEL cavity. In addition, dynamical effects are neglected, as a full dynamical study requires microscopic modeling of the semiconductor medium and a spatially resolved treatment of the cavity [16] , [17] . This is beyond the scope of this manuscript. Nevertheless, the consideration presented here provides an upper limit for the expected coherence radii and allows to evaluate the importance of the considered mechanism.
The mode size in a planar cavity is given by the lateral speed of the photons in the cavity multiplied by the photon lifetime [15] , resulting in (7) where is the vacuum wavelength, is the effective cavity length, is the refractive index of the cavity, and is the reflectivity of the top and bottom DBR of the VCSEL. This mode has a a linewidth of [13] (8) From (7) and (8), it can be deduced that the mode area is inversely proportional to the linewidth of that mode (9) Equation (7) has been derived for a planar cavity. For our experimental driving conditions, the VCSEL exhibits a considerable gradient in refractive index because of inhomogeneous current injection and Joule heating [18] . We have been able to determine the spatially resolved thermal gradient of the VCSEL by measuring the spectrally dispersed NF profile [18] : when the VCSEL is driven in the regime of spatially incoherent emission, the local wavelength shift can be attributed to local temperature changes. In Fig. 7 , we show the measured spatially resolved wavelength shift (relative to the wavelength in the center of the device) for a pulse amplitude of 160 mA and length of 1 s. The thermal wavelength shift within the cavity can be described by a parabola, i.e., with being m for a pulse amplitude of 160 mA. In [18] , we have shown that the radial wavelength shift is proportional to the power dissipated in the VCSEL. Based on the VCSEL's steady-state characteristics, we estimate the power dissipation to be 390 mW at an injected current of 160 mA and 780 mW at an injected current of 240 mA. We thus estimate the radial wavelength shift for the pulsed driving conditions discussed in this paper to correspond to a value for of m . We have to take into account the effect of the thermal wavelength shift as soon as it becomes comparable to the linewidth of the modes as described by (9) . In particular, if the mode size is large, the thermal wavelength shift over the mode will be nonnegligible compared with the linewidth as expressed by (8) . This further reduces the spatial coherence radius or mode size. Therefore, we redefine the mode size as being the spatial extent across which the thermal wavelength shift is small compared with the linewidth :
The parameter describes the wavelength shift at which the visibility of an interferogram (that originates from two Lorentzian line shapes of the same linewidth) has dropped to . From this, we obtain a value of . If we use (9) to further elaborate this condition, we finally obtain an upper estimate for the mode size (11) This mode size is plotted in Fig. 8 , together with the measured coherence radius for different radial positions. We obtain an upper limit for the coherence radii of the order of 4 m. This is already one order of magnitude smaller than the laser aperture, indicating that the spatial coherence properties have significantly changed compared to modal emission. We note that the measured coherence radii are still about a factor of two smaller than this upper limit. This indicates that additional mechanisms, including the aforementioned spatial carrier distribution and dynamical effects, further contribute to the decrease of the mode size. Nevertheless, our simplified considerations illustrate the limits of the mode-size imposed by diffraction in a cavity with a strong refractive index profile. According to our estimates the coherence radius increases strongly towards the center of the VCSEL's aperture. This is in contrast to our experimental findings where the coherence radius is homogeneous across the device aperture, with only a slight decay towards the rim. The origin of this is still unclear, however, we emphasize that the behavior of the VCSEL's central part has a small effect on the overall characteristics of the device: it will only contribute to the total emission for a small amount as both the emitted power density and the emission area are smallest in this region.
The mode size resulting from (11) is only weakly dependent on the thermal gradient . This gradient depends on the VCSEL's structure and the pulse parameters. Therefore, we expect the mode size to be only weakly dependent on the epitaxial structure, the pulse amplitude, and the pulse duration. To check the dependence of the mode size on the pulse parameters, we measured the far-field divergence angle in the spatially incoherent emission regime for different pulse durations (from 1 to 4 s) and pulse amplitudes (from 140 to 300 mA). In all cases, we obtained a half width divergence angle between 10 and 13 . Using (6), this range corresponds to an average coherence radius between 1.2 and 1.5 m. The coherence radius is thus not strongly dependent on the pulse parameters. Furthermore, the mode size is independent of the VCSEL's aperture diameter. Again, we checked this by measuring the far-field divergence angle in the spatially incoherent emission regime for devices with the same structure but different aperture diameters (ranging from 20 to 50 m). The extracted coherence radius is in the range between 1.2 and 1.5 m, demonstrating the independence of on the VCSEL's aperture diameter. The detailed measurement of the complex degree of coherence for different driving conditions and different device structures is a lengthy process and is beyond the scope of this paper.
VI. CONCLUSION
We have used a 180 reversing wavefront Michelson interferometer to measure the complex degree of coherence of a BA-VCSEL with an aperture diameter of 50 m. The BA-VCSEL was driven into a spatially incoherent emission regime that can be obtained by strongly pulsing these devices. Our measurements show that in this regime the VCSEL can be considered a quasi-homogeneous source with a Gaussian shaped coherence function. The extracted coherence radius varies slightly within the VCSEL's aperture, but always remains small compared to the aperture size. The Gaussian shape of the coherence function manifests itself in a Gaussian intensity distribution in the far-field. The average coherence area of 1.4 m corresponds well with the measured far-field divergence angle of 11 degrees. Our approach can also be used to measure the spatial coherence properties of other sources and might, e.g., be useful to measure the build-up of spatial coherence in coherent VCSEL arrays [19] .
We have discussed the limitations imposed on the mode size because of the thermal gradient within the VCSEL aperture. The thermal gradient results in a radial wavelength shift that prevents the modes to grow beyond a few microns. The derived mode size is only weakly dependent on the pulse parameters and the VCSEL's structure. The proposed model can not fully explain the particular size of the measured coherence area, but rather it provides an upper limit for the coherence area. In practice, the measured coherence area is even smaller and much more uniform across the VCSEL aperture than expected from the model, which is promising for applications utilising the VCSEL's quasi-homogeneous properties.
These results are important to better understand the behavior of BA-VCSELs as partially coherent light sources. Such highpower primary sources of spatially incoherent radiation can be useful as the low degree of spatial coherence may help to reduce speckle. The small size of the coherence radius is beneficial for speckle reduction, as each spatially uncorrelated region can in principle lead to the formation of an independent speckle pattern. The optimum speckle reduction factor is therefore inversely proportional to the coherence radius. Our results also indicate that this kind of emission regime should be possible in other types of laser structures: the necessary ingredients are a strong transversal gradient in the cavity length or refractive index together with a fast chirp to keep the laser in a transient state. In order to further validate this argument, future studies will be aimed at estimating the modal build-up time and calculating how it is linked to a transverse gradient of the refractive index.
